The role of wind stress in modulating upwelling and subsequent changes in mixed layer depth and chlorophyll concentration in southeastern Arabian Sea are studied for the period encompassing 2000 -2008. During southwest monsoon season favoring upwelling in this region, it is observed that decrease in wind stress is always followed by an increase in chlorophyll concentration with approximately two weeks delay, accompanied by the shoaling of mixed layer depth, whereas the opposite is observed during high wind stress periods. This is attributed to the mixing and entrainment of nutrients into the euphotic zone which enable increase in surface chlorophyll and thereby boosting the primary productivity of the region. Wavelet analysis is used to deduce the temporal variability of winds, chlorophyll and mixed layer for the region. A time lag of 2 weeks is observed between the decrease in wind stress followed by a high in the surface chlorophyll concentration, often well captured by satellite. Another interesting observation is the bimodal variability of chlorophyll-a concentration during summer monsoon is observed in this region which was hitherto unnoticed. This spatial and temporal relation between wind, chlorophyll and mixed layer depth can provide valuable insight towards future studies on upwelling induced productivity for this region.
INTRODUCTION
The Arabian Sea is subjected to variations in its state with seasons which are brought about by the monsoon induced biological and physical forcing. The Southeastern Arabian Sea [SEAS] (Figure 1 ) embedded between 7°-15°N and 70°-77°E is a unique region within the Arabian Sea and is of considerable interest due to processes like coastal upwelling during south west monsoon (SWM) season and associated high productivity. Thus, this oceanic environment is of major importance to the adjacent coastal regions of the southwest coast of India, in particular and Indian climate, in general. Upwelling along the southwest coast of India, within the SEAS, is a typical eastern boundary upwelling system, where there is recorded presence of equator ward winds to the east of the ocean and also a pole ward undercurrent along the coast (Antony 1990) . Apart from winds, remote forcing from planetary waves also plays a major role in the initiation and progress of upwelling. Propagation of coastal Kelvin wave from the Bay of Bengal and the radiation of Rossby waves and together, their dynamics in this region (including their role in formation of Lakshadweep 'Low', with respect to sea level), during the upwelling period were explained by Shankar and Shetye (1997) . As observed in many earlier studies (Johannessen et al. 1987; Jayaram et al. 2010 and the references therein) upwelling in SEAS commences in the subsurface, well before the onset of SWM winds due to remote forcing by planetary waves from the Bay of Bengal. However, surface cooling, as observed from sea surface temperature (SST) and the resultant high concentration of surface chlorophyll-a (SCHL) happen only after the onset of SWM signifying the influence of winds on the region. The individual contribution of each of these forces viz., winds and remote forcing, towards upwelling and its strength are yet to be clearly established. During the SWM season, the coastal currents are equator ward and a shallow thermocline is prevalent near to the coast (Shetye et al. 1990 ). These seasonal changes are also reflected in SST and mixed layer depth (MLD) variations through changes in water density along with wind action.
F Fi ig gu ur re e 1 1. . Study region (SEAS) and its bathymetry obtained from GEBCO 30Sec data.
During the annual upwelling season, which coincides with SWM in SEAS region, winds play an important role in determining the stratification and de-stratification processes and the stirring up of upper water layers. The timing of the chlorophyll blooms, enriched by nutrients from subsurface during upwelling, is dependent on wind speed, direction and its influence on the euphotic zone. Several studies on the behaviour of the upwelling phenomenon in this region had been published, starting from surveys conducted as part of the International Indian Ocean Expedition (IIOE), to the cruises by Banse (1959 and 1968) , Darbyshire (1967) and Sharma (1978) . From these studies, it was established that the upwelling along the SW coast of India sets in some time during February / March (Johannessen et al. 1987 ) which could even be mapped from sea level anomaly (Shankar and Shetye 1997 and Haugen et al. 2002) . Influence of along shore winds on the upwelling and resultant variability in temperature field and Ekman transports between 8 o and 15 o N were well documented, by Shetye (1984) . In SEAS, the wind induced mass transport associated with coastal upwelling is comparatively less than the other eastern boundary upwelling regions elsewhere in the world ocean (Hastenrath and Greischer 1991) .
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Upwelling commences at the southern tip of India and propagates northward along the coast as the monsoon advances (Madhupratap et al. 2001; Luis and Kawamura 2004; Rao et al. 2008 and Jayaram et al. 2010) . However, there is ample scope to understand the relation between changes in wind pattern and the upwelling related productivity of this region which at present is unclear and this issue is attempted in the present work. Upwelling brings up cold water from the bottom resulting in a shallow thermocline which in turn leads to shoaling of mixed layer in the region of occurrence. The wind induced upwelling in SEAS results in the formation of a thin mixed layer, bringing up nutrients towards the surface during entrainment. Satyendranath and Platt (1994) stated that seasonality of MLD modulates the nutrient supply and hence the plankton growth rates and vice-versa. They also suggested that the presence of phytoplankton modifies the way in which oceans absorb solar radiation and affects the thickness and temperature of the surface mixed layer. In a stratified warm ocean, beyond the upwelling regime, limited or lack of nutrients results in low SCHL. This is reasoned on the perceptive is that the vertical mixing in ocean pumps up nutrients into the upper layers thereby enhancing the plankton growth.
There are very few studies for this region that deal with wind structure and the upwelling related productivity, owing to lack of continuous and systematic biological in-situ data, especially on chlorophyll. With the advent of satellite measured products of SCHL and sea surface winds, detailed spatial and temporal studies are possible for the global oceans. Further, availability of quality gridded subsurface product developed using various in-situ temperature and salinity data sets from CORIOLIS (Gaillard 2009 and in conjunction with satellite data, has enabled us to study the role played by winds on upwelling, SCHL and MLD. A detailed analysis of the temporal and spatial relationship between wind stress, SCHL and MLD is carried out in the SEAS for the years 2000 to 2008. The paper is organised into sections dealing with data from various sources and methodologies employed for analysis followed by salient results, discussion and concluding remarks. Smith (1988) . Weekly average of wind stress in the study area was calculated to understand the upwelling process and its influence on SCHL and MLD in the region.
Ocean color data
The Sea viewing Wide Field of View Sensor (SeaWiFS) Level 3, 9km x 9km, 8-day data from 2000 to 2007 and the Moderate resolution Imaging Spectroradiometer (MODIS) on board satellite Aqua, Level 3, 9km x 9km, 8 day data for the year 2008 over the study area were obtained from the Ocean Color group of Goddard Space Flight Center (GSFC), NASA. The ocean color sensors onboard satellites measured the upwelling radiance as seen through Earth's atmosphere in different wavebands that corresponds to the absorption based on the abundance on the phytoplankton. The data from these two ocean color sensors were processed for chlorophyll using standard procedures in SeaDAS (SeaWiFS Data Analysis System). Time series variations were obtained from the averaged SCHL for the study area and were compared with wind stress and MLD data for the same period.
Mixed Layer Depth
Present study utilized the IFREMER-CORIOLIS in-situ analysis system [ISAS] (Gaillard 2010) generated temperature and salinity gridded profiles (2000 -2007) to compute MLD based on the density criterion, as per Levitus (1982) . Accordingly MLD occurs at a depth whose density is greater than the density at the surface by 0.125 kgm -3 . The density at surface (5m in CORIOLIS gridded product) is chosen as a reference for determining MLD which imposes a minimum value of 5m for the estimated MLD. The ISAS system produced real-time weekly analysis of gridded temperature and salinity profiles. The information was combined from climatology of the ocean and the dense synoptic measurements available from various platforms in a particular region. The detailed method following Bretherton et al. (1976) of generating the high quality gridded data products of 0.25°x 0.25°and weekly resolutions for temperature and salinity is well documented in Gaillard et al. (2009) and also in ISAS version 5 users' manual (Gaillard 2010) , available on IFREMER website.
The weekly data for the common time period (2000 -2007) was used to compute long term monthly mean to deduce the monthly and seasonal variability of wind stress, SCHL and MLD in SEAS.
Wavelet Transforms
Wavelet transforms have been employed in the geophysical studies extensively in understanding the localized variations within a time series. Decomposition of a time series into time -frequency space leads to determining the dominant modes of variability along with the information on how these modes vary in time (Torrence and Compo 1998) . A time series that contains a non-stationary power at many different frequencies could be analyzed using wavelet transforms. The mother wave used here was the Morlet wave given its good frequency localization; it is commonly preferred in geophysical applications (Henson and Thomas 2007) , and the significance level was maintained at 95%. The online package for computing the wavelet transforms available at http://paos.colorado.edu/research/wavelets/software.html following Torrence and Compo (1998) , was also used extensively for this work.
RESULTS AND DISCUSSION
Environmental forcing modulates the spatial and temporal changes leading to proliferation of phytoplankton communities by affecting the mixed layer light availability (Milutinovic et al. 2009 ). To study and understand the variability and distribution of the upwelling in SEAS, satellite measured surface wind stress products along with ocean color and MLD are used, which are affected by the availability of light in the ocean and thereby productivity of the region; these were analyzed for their spatial cross-correlation and inter-annual variability for a period of 9 years (2000 -2008) .
Spatial Distribution
Monthly variability of wind stresses in SEAS is shown in Figure 2 . Contours of MLD and SCHL are overlaid on the wind stress to infer the spatial distribution of wind induced coastal upwelling signatures. From January to April, wind stress is observed to be very minimal in the region. Zonally oriented MLD with SCHL, approximately 0.5 mg m -3 , was observed very near to the coast indicating features of nonupwelling period [January to April]. From May, the signatures of upwelling began to set in with higher wind stress and also due to the northwesterly direction of the wind at the southern region followed by an increase in near coastal, SCHL to 1.0mg m -3 . However MLD values did not show much difference from those observed in April. By June, wind stress increased in strength resulting in deepening of MLD thereby shifting the contours to orient parallel to the coast. However owing to the friction at land-ocean boundary and the direction of wind blowing over the region, the wind stress again reduced to a minimum near to the coastal boundaries, but increased SCHL concentration between 8°and 10°N could be observed due to the deflection of wind at the southern tip of India due to the Ekman transport. Thin MLD (~18m) was observed as a result of the upwelling along the coast. Wind pattern remained the same for July, as observed in June too, with increase in intensity only. Upwelling had well set in by this time, with the shift of wind northward, north of 8°N. This is evident from the upwelling related productivity inferred from the SCHL concentration, which was observed to spread up to 73°E from the coast between 8°and 10°N. The offshore extent of upwelling was observed to prevail up to ~ 250 -300km from the coast as observed from Figure 2 . High wind field was observed to concentrate north of 11°N by August with little or not much changes in MLD and SCHL along the coast. However upwelling was observed to extend all along the coast from 8°-14°N. By September, the wind stress intensity decreased 100
Application of satellite products to study Upwelling, Chlorophyll and Mixed Layer Depth of Southeastern Arabian Sea indicating the withdrawal of SWM season, while intensity of SCHL remained the same as the direction of the wind during this month is still favourable for upwelling. This is supported by the upwelling signatures which remained intact as observed from the shallow MLD along the coast. During the intermonsoon transition period [October -November], the wind stress further decreased along with the change in the direction of wind and SCHL too decreased in the region with decreased upwelling. The onset of NEM was observed from wind vectors for the month of November-December along with an increase in wind stress, though not as intense as during SWM. This increase in wind intensity from intermonsoon period is reflected in deeper MLD's during December. Due to non-conducive circulation pattern and lack of sufficient strength in wind, with the direction of wind as north easterly upwelling would not takes place in SEAS during NEM, which resulted in lower SCHL, very near to the coast.
F Fi ig gu ur re e 2 2. . Monthly variability of wind stress vectors, SCHL and MLD in the region for a climatological year. The back ground colors indicate SCHL, black contours indicate the MLD and red arrows represent wind stress vectors.
Temporal Variability
In order to understand the interrelationship between upwelling, wind stress, MLD and SCHL, time series analysis has been carried out. Over the oceans, wind plays an important role in determining stratification and de-stratification processes that could determine timing of phytoplankton blooms in waters. The stirring of upper layers by convective overturn, together with winds are the major mechanisms regulating the phytoplankton growth (Cushing 1975 and Kim et al. 2007 ). The timing of blooms is often related to wind speed; though there exists a relation between wind stress and the initiation of blooms, the mechanisms that link them are not very clear (Kim et al. 2007) . In order to understand these mechanisms, area averaged weekly wind stress; SCHL and MLD were considered for the period between 2000 and 2008, to closely understand upwelling features and related processes in this region.
F Fi ig gu ur re e 3 3. . (a) Weekly Wind Stress, (b) The wavelet power spectrum. The contour levels are chosen so that 75%, 50%, 25% and 5% of the wavelet power is above each level, respectively. (c) The global wavelet power spectrum.
Wavelet analysis was performed on the weekly time series of Wind stress, SCHL and MLD, where level of significance in the power spectrum is set at 95%. These figures are generated using online interactive wavelet plot provided by http://paos.colorado.edu/research/wavelets/, following Torrence and Compo (1998) . From Figure 3 , it was observed that the dominant mode of variability for wind stress is semiannual with winds dominating during SWM. From the wavelet power spectrum of wind stress, it was observed that during every SWM, significant frequency of variability is observed in the 4 -6 weeks band indicating intra-seasonal oscillations. To obtain a clear understanding on the temporal relationship between wind forcing, MLD and SCHL and thereby on the upwelling system in SEAS during 2000 to 2008, further analysis were carried out and the results are discussed in the following lines. Wind data was smoothed using an 8-day moving average to match the temporal resolution of SCHL and yet retaining the subtle variations in wind to decipher the influence of wind on SCHL following Kim et al. (2007) . Following the same authors a hypothesis is put forth that the SCHL begins to bloom only when the wind stress had started to weaken. The rationale behind this hypothesis is that, gradual decrease in wind stress stabilizes the water column; thereby the upwelled nutrients are then utilized by phytoplankton in the presence of sunlight, resulting in primary production. In this whole chain of events, there should be a time lag between the decrease in wind stress and increase in SCHL concentration which allows phytoplankton cells to grow up to a measurable density. To reveal the functional time lag, 8day SCHL and wind stress were normalized with the maximum value for that particular year and was plotted as a time series graph for each year individually (Figure 6 ). were observed to be abnormal years with respect to chlorophyll concentration. It was observed from the data that the average SCHL remained very low for the region but there were some unusual spurts in the concentration for a week in both the years which resulted in vast decrease in the normalized values for the rest of the year. Another noticeable fact in SCHL pattern in all the years is that there exist two peaks resulting in bimodal variability of SCHL during SWM; however, during 2006 and 2008, primary peak was not prominently observed which need to be backed up with continuous in-situ biological data sets. A close scrutiny of results from these figures explicitly reveals the existence of intra-seasonal oscillations within this small region (which is a subset of Arabian Sea) and within a short span of 4 months encompassing the SWM period. These limitations however do not hinder or influence and local climate of SEAS. In order to further understand the processes that relate wind stress, MLD and SCHL, especially during the upwelling, time series was plotted and analyzed for the SEAS during the southwest monsoon season in the following section (except 2008 for absence of data pertaining to the mixed layer depth).
Wind stress, SCHL and MLD are normalized with the maximum value for that particular year and plotted for the southwest monsoon season as shown in Figure 7 . It was noticed that during all the years, whenever the wind stress was high, the subsequent SCHL concentration was low. Similarly, whenever there is an increase in the wind stress, then MLD deepened during the subsequent weeks and shoaled
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Application of satellite products to study Upwelling, Chlorophyll and Mixed Layer Depth of Southeastern Arabian Sea when a drop in the wind stress occurred. These observational results showed that SCHL increase could be due to the drop in wind stress, following a thorough mixing and upwelling of nutrients to the surface. In other words, it can be stated that upwelling induced high chlorophyll in SEAS is pronounced when wind shows a decrease or lull period during monsoon season, which is a significant observation of this study and could influence future of monsoon and upwelling based studies.
F Fi ig gu ur re e 7 7. . Normalised time series of 8day moving average wind stress (black dotted line), MLD (thick black curve) and SCHL (Bars) during the SWM season of June, July, August and September for 2000 to 2007.
To further deduce a clear temporal relationship between all the three parameters discussed, they are temporally regridded to weekly time period and a lead -lag correlation has been computed and presented in Figure 8 . From Figure 8a , a lag of approximately one week was observed between wind stress and MLD while a lag of two weeks was observed between wind stress and chlorophyll-a, confirming the earlier analysis. However, when similar analysis was conducted between MLD and chlorophyll-a (Figure 8c ), the lag was observed to be 4 -5 weeks. This shows that apart from wind, there are other factors that influence MLD and SCHL. 
CONCLUSION
The present study attempts to bring about the relationship between wind, chlorophyll-a and MLD using satellite measured products and objectively analyzed gridded temperature and salinity profiles for the southeastern Arabian Sea region. From this study, it is understood that the annual upwelling phenomenon driven by wind and remote forcing during the south west monsoon period is the driving force for the region to be productive. Wind and upwelling are responsible for shoaling of MLD along the coast during SWM, thereby facilitating the productivity in the euphotic zone by vertical transport of the nutrients and deeper MLDs are observed away from the coast and out of the upwelling system, due to higher south west monsoon winds. This result points out to the presence of vertical mixing in coastal region during the upwelling period, which pumps up nutrients into the upper layers thereby enhancing the plankton growth. The offshore extent of such a phenomenon prevailed approximately up to 250 -300km from the coast. During NEM, the wind stress was not as intense as in SWM, also the wind direction and the local circulation pattern are not conducive to cause upwelling and therefore the SCHL is low with deeper MLD in the region. A lag of approximately 2 weeks is observed between drop in peak wind stress and enhancement in SCHL at the surface during the upwelling period. Bimodal variability of SCHL during SWM is observed primarily in this region which further needs to be substantiated by in-situ observations. It is observed that SCHL concentration was comparatively less during 2006, 2007 and 2008 . The hypothesis that, a drop in wind stress after attaining its peak should be followed by a high SCHL concentration proved to be correct. Similarly, it is observed that, whenever there is an increase in the wind stress, MLD deepened during the subsequent weeks and shoaled when the wind stress dropped. This can be reasoned as follows: SCHL increase should be feasible when the upper ocean undergoes thorough mixing during high wind period and subsequent stabilization of the nutrients at the surface in order to interact to interact with solar radiation during photosynthesis attained during the break period. It can also be summed up as: upwelling is pronounced when high wind speed is followed by a decrease or lull which can happen during the conventional break period within the monsoon. The above important observations can largely influence future monsoon and fisheries based studies pertaining to this region.
